Abstract. In previous work [Huang et al., PRE 82, 26319, 2010], we found that the passive scalar turbulence field maybe less intermittent than what we believed before. Here we apply the same method, namely arbitrary-order Hilbert spectral analysis, to a passive scalar (temperature) time series with a Taylor's microscale Reynolds number Re λ 3000. We find that with increasing Reynolds number, the discrepancy of scaling exponents between Hilbert ξ θ (q) and Kolmogorov-Obukhov-Corrsin (KOC) theory is increasing, and consequently the discrepancy between Hilbert and structure function could disappear at infinite Reynolds number.
Introduction
Since Kolmogorov's 1941 (K41) milestone work, extracting scaling exponents ζ(q) from various turbulent flows is becoming a classical way to consider scaling and intermittent properties of fully developed turbulence (Frisch, 1995; Sreenivasan & Antonia, 1997; Warhaft, 2000; Lohse & Xia, 2010) . Specifically for passive scalar turbulence, it is classically found that the corresponding Kolmogorov-Obukhov-Corrsin (Kolmogorov, 1941; Obukhov, 1949; Corrsin, 1951) scaling exponents ζ θ (q) deviate from the non-intermittent curve ζ θ (q) = q/3 more than the scaling exponents ζ ( q) of longitudinal velocity, see Fig.1 . This indicates a more intermittent passive scalar turbulence field, and has been interpreted as an effect of ramp-cliff structures, which are the most important signature structures of passive scalar turbulence (Warhaft, 2000) .
Let us recall briefly KOC theory here. The KOC theory states that for a high enough Reynolds number turbulent flow, the statistical property of passive scalar is independent with viscosity ν of the fluid and the molecular diffusivity κ (Kolmogorov, 1941; Obukhov, 1949; Corrsin, 1951; Frisch, 1995) . After a similar dimension argument with K41, for a passive scalar θ we have (we work in temporal domain with application of Taylor's hypothesis to relate temporal and spatial statistics) S θ q (τ ) = |∆θ(τ )| q ∼ τ
in which ∆θ(τ ) = θ(t + τ ) − θ(t) is the increment, and τ lies in inertial range, and ζ θ = q/3 for a nonintermittent passive scalar field (Frisch, 1995; Warhaft, 2000) . However, both experimental , showing strong ramp-cliff structures. This data set has been analyzed in Refs. Huang et al. (2010 Huang et al. ( , 2011 . For comparison, a pure sine wave is also shown as a thick solid line. Note that the ramp-cliff structure is significantly different from a sine wave, which may cause serious artificial energy flux in Fourier spectral space.
and theoretical results show that ζ θ (q) deviates from KOC theory and demonstrates a more intermittent field than the velocity field (Sreenivasan, 1991; Kraichnan, 1994; Kraichnan et al., 1995; Chen & Kraichnan, 1998; Warhaft, 2000; Celani et al., 2000; Shraiman & Siggia, 2000; Moisy et al., 2001) . We show the experimental scaling exponents in Fig.1 for longitudinal velocity ( ) and passive scalar ( ), in which the KOC/K41 curve is illustrated by a solid line. One can find that the passive scalar curve deviates from the KOC/K41 curve more than the longitudinal velocity curve. As mentioned above, this more intermittent property of θ has been interpreted as the effect of ramp-cliff structures, a coupling between large and small scales (Warhaft, 2000) . Figure 2 shows a 0.1 second portion of the raw temperature data (the mean value has been removed) with Re λ 250, showing strong ramp-cliff structures. For comparison, a pure sine wave is illustrated by a thick solid line. One can find that the ramp-cliff deviates from a sine wave significantly. Thus the high-order harmonics are required to represent this deviation when Fourier-based methodologies, e.g. Fourier transform, wavelet transform, etc. are applied to these data. This will lead to an artificial energy flux from the low frequency part (large scale structure) to the high frequency part (small scale structures) (Huang et al., 2010 (Huang et al., , 2011 . Thus the Fourier-based methods underestimate the scaling exponents (Huang et al., 2010 (Huang et al., , 2011 . For example, we have shown in Refs. Huang et al. (2010 Huang et al. ( , 2011 ) that due to these strong ramp-cliff structures, not only Fourier transform, but also wavelet transform, structure function analysis, detrended fluctuation analysis underestimate the scaling exponents.
In our previous work, we found that the Hilbert-based scaling exponents ξ θ (q) are quite close to the scaling exponents ζ(q) for longitudinal velocity, indicating that the passive scalar turbulent field could be less intermittent than what was believed before (Huang et al., 2010 (Huang et al., , 2011 . The database we analyzed in this previous work is obtained from a jet experiment with a Reynolds number Re λ 250. In this paper we apply the same method to a passive scalar (temperature) time series obtained from a turbulent flow with a much larger Reynolds number, Re λ 3000. The arbitrary-order Hilbert spectral analysis is an extended version of Hilbert-Huang Transform (HHT) (Huang et al., 1998 (Huang et al., , 1999 . It inherits all advantages of HHT, such as fully data-driven, very local ability in both physical and frequency domains (Huang et al., 1998; . The first step of the method, Empirical Mode Decomposition (EMD) algorithm, a 'sifting process', is designed to extract Intrinsic Mode Functions C i (t) (IMF) without giving an a priori basis (Huang et al., 1998 (Huang et al., , 1999 Rilling et al., 2003; . Or in other words, it is a scale dependent decomposition, which is different from traditional methodologies in which the basis is given a priori (Cohen, 1995; Flandrin, 1998 of local extrema and the number of zero-crossings must be zero or one; (ii) the running mean value of the envelope defined by the local maxima and the envelope defined by the local minima is zero (Huang et al., 1998 (Huang et al., , 1999 . Figure 3 a) shows a typical IMF mode (solid line) from EMD decomposition, in which the numbers of zero crossings and extrema are the same, and the upper and lower envelopes are symmetric with a zero running mean value. We also note that the distance between two successive extrema points and the envelopes are varying with time t, indicating frequency-and amplitude-modulations. After decomposition, the original time series x(t) can be rewritten as a sum of IMFs C i (t)
Arbitrary-Order Hilbert Spectral Analysis
in which r n (t) is a residual, which is either a constant or a monotonic function (Huang et al., 1998 (Huang et al., , 1999 . Based on a dyadic filter bank property of EMD, the number of IMF is
where N is the length of the data (Wu & Huang, 2004; Huang et al., 2008a) . Then the classical Hilbert spectral analysis is applied to each IMF mode to extract an instantaneous frequency ω i (t) and amplitude A i (t)
in which P means Cauchy principle value, and
are amplitude, phase function and instantaneous frequency, respectively (Long et al., 1995; Huang et al., 1998; Huang, 2009) . Figure 3 b ) displays an instantaneous frequency ω, where the instantaneous energy (log 10 (A 2 )) is encoded by color. It shows a clearly amplitude-and frequency-modulations simultaneously. A joint pdf P(ω, A) of ω and A is thus calculated from all IMF modes (Huang, 2009; Huang et al., 2008a Huang et al., , 2011 . Finally, an arbitrary-order Hilbert marginal spectrum is defined to characterize the scale invariant property in an amplitudefrequency space
in which q ≥ 0 (Huang et al., 2008a; Huang, 2009; Huang et al., 2011) . In case of scale invariance, one has
where ξ(q) is the scaling exponent function in Hilbert space. Comparison with the classical structure functions |∆x(τ )| q ∼ τ ζ(q) , leads to
in which ζ(q) is the structure function scaling exponent provided by structure function. The term '+1' comes from the integration operation in Eq.(6) (Huang et al., 2008a; Huang, 2009; Huang et al., 2011) . This is a new way to obtain intermittency (multifractal) scaling exponents or singularity spectrum in a frequency space (Huang et al., 2008a (Huang et al., , 2010 (Huang et al., , 2011 . This new approach has been shown its validity and efficiency partly by numerical simulations and partly by applying it to several time series, e.g. turbulent velocity, passive scalar, river turbulence, surf zone of marine turbulence (Huang et al., 2008a (Huang et al., ,b, 2009 Schmitt et al., 2009; Huang et al., 2010 Huang et al., , 2011 . We would like to provide some comments on some issues of EMD approach, which is the first step of the arbitrary-order Hilbert spectral analysis. The main drawback of this EMD method is a lack of solid theoretical ground, since it is almost empirical (Huang et al., 1998 (Huang et al., , 1999 Huang, 2005) . There exist several studies to help us to understand the mathematical aspect of this method (Wu & Huang, 2004; Rilling & Flandrin, 2008; Xu & Zhang, 2009 ). However, more theoretical work is still needed to fully understand this method. A more than two decades inertial range is observed on the frequency range 10 ≤ f ≤ 1000 Hz. The corresponding scaling exponents are β θ = 1.65 ± 0.01 and ξ θ (2) = 1.69 ± 0.01 respectively for Fourier and Hilbert power spectrum. Inset shows the compensated spectra E(f )f 5/3 .
The temperature database we used here is obtained from Modane wind tunnel. The measurement location is 3.25 m above the wall. The Taylor's microscale Reynolds number is about Re λ 3000, which is about 12 times the value of our previously analyzed data. The sampling frequency is 25,000 Hz. The total data length is 73,348,096, corresponding to 2934 s. It is long enough to have a good statistical confidence. Figure 4 shows the power spectra provided by Fourier transform and Hilbert method, in which the inset shows the corresponding compensated spectrum E(f )f 5/3 . A more than two decades inertial range is indicated by both methods on the frequency range 10 ≤ f ≤ 1000 Hz. The corresponding scaling exponents are β θ = 1.65 ± 0.01 and ξ θ (2) = 1.69 ± 0.01 respectively for Fourier and Hilbert spaces. The slight difference may come from the nonlinear effect of ramp-cliff structures (Huang et al., 2010 (Huang et al., , 2011 . original spectrum Figure 6 . Fourier power density spectrum function E(f ) for the first ten IMF modes. For comparison, the spectrum for the original data is illustrated by a thick line. The first IMF mode contains most of the measurement noise. The other curves have a similar shape, indicating a filter bank property. For display convenience, the spectrum for the original data has been vertical shifted. Figure 5 shows the mean frequencyf (n) of each IMF mode.f is defined as Comparison of scaling exponents ξ θ (q) − 1 (Hilbert), ζ θ (q) (SF), ζ θ (q) complied by Schmitt (Schmitt, 2005) , ξ θ (q) from previous work (Huang et al., 2010) , KOC theory and ζ(q) for longitudinal velocity (Schmitt, 2006) . Figure 8 . Illustration of raw temperature data sets (0.2 second) for the jet flow and Modane experiment. The average temperature has been removed from the raw data. The first data set shows a strong ramp-cliff structure. Visually, the latter one shows a less frequent ramp-cliff structures.
in which E n (f ) is the Fourier power spectral density function of nth IMF mode (Huang et al., 1998 . It is an energy weighted mean frequency. Graphically, we havẽ
in which ρ 1.94, indicating the dyadic filter bank of EMD for the present data set. Or in other words, the mean frequency of one IMF is almost twice of the next one. This filter bank property can be further confirmed by the Fourier power density spectrum of each individual IMF mode (Huang et al., 2008a) . Figure 6 shows the Fourier spectra for the first ten IMF modes, in which the Fourier spectrum for the original data set is shown by a thick line. One can find that for the first IMF mode it contains most of the measurement noise. A similar observation has been found for turbulent velocity (Huang et al., 2008a the time resolution or spatial resolution is not high enough to resolve the finest scale. However, in the following Hilbert spectral analysis, we neglect the first IMF mode. The spectra curves for the rest IMF modes has a similar shape, confirming the filter bank property of the EMD algorithm. This property constrains the effect of large scale structure with 0.3 decade respect to 2 decades for structure function (Huang et al., 2010) . Figure 7 shows the corresponding scaling exponents provided by using structure function (SF) ( ) and Hilbert-based methods ( ). For comparison, exponents ζ θ (q) from other experiments (Schmitt, 2005 ) ( ), ζ(q) for longitudinal velocity (Schmitt, 2006 ) (dashed line), ξ θ (q) ( ) from our previous work (Huang et al., 2010) , and KOC theory (solid line) are also shown. The SF scaling exponents ζ θ (q) are consistent with the scaling exponents compiled by Schmitt (Schmitt, 2005) . One can find that, unlike our previous work, the Hilbert-based exponents ξ θ (q) are close to the SF exponents ζ θ (q). It indicates that with increasing Re λ , the discrepancy between the Hilbert and SF decreases. We may postulate that at infinite Reynolds number, the two methods may predict the same scaling exponents.
We now present a possible explanation for the difference between previous and present results. Figure 8 shows a 0.2 second portion of the experimental data set we used in both studies. For the jet experiment, the data set is dominated by these large scale ramp-cliff structures. However, for the Modane experiment, one can see that the data are not dominated by ramp-cliff structures any more. A closer look to the raw data shows that the ramp-cliff structure also exists on small scales (figure not shown here). In other words, ramp-cliff structure should be considered as a part of the Kolmogorov-Richardson cascade: at a high Reynolds number, due to the nonlinear interactions and high turbulent intensity, the large ramp-cliff structure is broken into smaller ones. Thus for high Reynolds number case, the large ramp-cliff structure may not exist as frequently as the ones for lower Reynolds number. More data sets with different Reynolds number should be investigated to confirm our hypothesis. A theoretical study based on Kraichnan's model is also under considering (Kraichnan, 1994) .
